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Fluorescence microscopyChlorosomes, the major antenna complexes in green sulphur bacteria, ﬁlamentous anoxygenic phototrophs,
and phototrophic acidobacteria, are attached to the cytoplasmic side of the inner cell membrane and contain
thousands of bacteriochlorophyll (BChl) molecules that harvest light and channel the energy to membrane-
bound reaction centres. Chlorosomes from phototrophs representing three different phyla, Chloroﬂexus (Cfx.)
aurantiacus, Chlorobaculum (Cba.) tepidum and the newly discovered “Candidatus (Ca.) Chloracidobacterium
(Cab.) thermophilum” were analysed using PeakForce Tapping atomic force microscopy (PFT-AFM). Gentle
PFT-AFM imaging in buffered solutions that maintained the chlorosomes in a near-native state revealed ellip-
soids of variable size, with surface bumps and undulations that differ between individual chlorosomes. Cba.
tepidum chlorosomes were the largest (133 × 57 × 36 nm; 141,000 nm3 volume), compared with chlorosomes
from Cfx. aurantiacus (120 × 44 × 30 nm; 84,000 nm3) and Ca. Cab. thermophilum (99 × 40 × 31 nm;
65,000 nm3). Reﬂecting the contributions of thousands of pigment–pigment stacking interactions to the stability
of these supramolecular assemblies, analysis by nanomechanical mapping shows that chlorosomes are highly
stable and that their integrity is disrupted only by very strong forces of 1000–2000 pN. AFM topographs of Ca.
Cab. thermophilum chlorosomes that had retained their attachment to the cytoplasmic membrane showed
that this membrane dynamically changes shape and is composed of protrusions of up to 30 nm wide and
6 nm above themica support, possibly representing different protein domains. Spectral imaging revealed signif-
icant heterogeneity in the ﬂuorescence emission of individual chlorosomes, likely reﬂecting the variations in
BChl c homolog composition and internal arrangements of the stacked BChls within each chlorosome.
Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.1. Introduction
Chlorosomes, the largest photosynthetic light-harvesting antenna
complexes known, are elongated structures consisting of aggregates
of up to 250,000 BChl pigments attached to the cytoplasmic side of
the inner cell membrane. The dense packing of BChl molecules results
in highly efﬁcient capture of light energy and its channelling to-
wards membrane-embedded light-harvesting/reaction centre (LH/RC)s), bacteriochlorophyll(s); Ca,
lorobaculum; Cfx., Chloroﬂexus;
hototrophs; FWHM, full width
ht-harvesting; PFT, PeakForce
apping; RC, Reaction Centre;
e (AFM); 2-D, two-dimensional;
: +44 114 222 2711.
ter).
13 Published by Elsevier B.V. All rigpigment–protein complexes. This fundamentally different LH antenna,
in which there is minimal involvement of proteins, in contrast to the
strict membrane protein–pigment relationship found in other photo-
synthetic systems, allows chlorosome-containing phototrophs to sur-
vive in some of the most extreme, light-poor environments in the
world. Several reviews on chlorosomes are available [1–4].
Chlorosomes were ﬁrst discovered in green sulphur bacteria (GSB),
in Chlorobium thiosulfatophilum, as 100–150 nm-long tubular vesicle
structures associated with the cytoplasmic side of the inner membrane
[5]. All GSB contain chlorosomes, with either BChl c, d or e, depending
on species. Chlorosomes were later discovered in the gliding ﬁlamen-
tous bacterium Chloroﬂexus (Cfx.) aurantiacus [6], a member of the phy-
logenetically distinct ‘ﬁlamentous anoxygenic phototrophs’ (FAP). In all
GSB, chlorosomes are linked to type-1 RC complexes in the cytoplasmic
membrane via the BChl a-containing FMO protein [7,8]. In contrast, FAP
donot contain an FMOprotein and their chlorosomes are directly linked
to membrane-embedded RC–LH complexes (type-2 RC). Recently,hts reserved.
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ism, named “Candidatus Chloracidobacterium thermophilum,” (hereafter
Ca. C. thermophilum) which belongs to the phylum Acidobacteria.
This represents the ﬁrst example of a new phylum for bacterial
phototrophs for many years. It contains unusual type-1 RCs [9] and a
novel FMOprotein [10,11]. The photosynthetic apparatus of this unique
photoheterotroph is beginning to be characterised [12–14].
A single Chlorobaculum (Cba.) tepidum chlorosome is estimated to
contain 200,000–250,000 BChl c, 2500 BChl a, 20,000 carotenoids,
18,000 quinones and 5000 proteins, bounded by a lipid monolayer
of 20,000 lipids [15]. Chlorosomes can be isolated by sucrose gradient
centrifugation of cell extracts and are highly stable when prepared
in the presence of sodium thiocyanate [16]. Chlorosome size varies
depending on species. Size also increases during chlorosome develop-
ment [17] and can vary with growth conditions, such as light intensi-
ty [18].
The part of the chlorosome envelope that attaches to the cyto-
plasmic membrane is named the ‘baseplate’, which was ﬁrst ob-
served in freeze-fracture images as a ﬂat, paracrystalline protein
array [19,20]. The baseplate protein, CsmA, contains BChl a and has
been characterised in Cfx. aurantiacus and Cba. tepidum [21,22] and
the gene for csmA has also been found in Cfx. aurantiacus [23] and
Ca. C. thermophilum [24]. The baseplate was recently visualised by
cryo-electron microscopy (cryo EM), conﬁrming that it is only
found on one face of the chlorosome. Consistent with cross-linking
studies and modelling of the NMR structure [25], the cryo-EM stud-
ies suggested that the baseplate is built up from CsmA dimers [26].
The baseplate attaches to FMO in GSB, or directly to the cytoplasmic
membrane in FAP and models have been constructed [25].
BChl molecules in chlorosomes were originally predicted to stack
end-to-end forming rods and ﬁlaments, similar to the ‘J-aggregates’
of self-assembling dyes [27], explaining the red shift of the BChl c
Qy absorption maxima to ~750 nm as observed for the native aggre-
gated state in chlorosomes. Early studies by freeze-fracture electron
microscopy suggested that the BChl molecules in chlorosomes
formed tubular structures [19,20], and similar suggestions were sub-
sequently advanced by Holzwarth and co-workers [3,28]. Pšenčík
and co-workers were the ﬁrst to suggest an alternative structure, de-
scribed as “undulating lamellae,” which were purported to explain
results obtained from cryo-electron microscopy and X-ray diffrac-
tion analyses [29,26]. More recently, a combination of systems biol-
ogy, cryo-electron microscopy, solid-state NMR, and molecular
modelling led to structures for BChl c and d in chlorosomes of Cba.
tepidum. These studies have conclusively established that the BChls
in these chlorosomes form concentric coaxial nanotubes [30]. The
tetrapyrrole head groups form surfaces that are stabilized by
interactions between the hydrophobic tails of the BChls, which
form bilayers in the interior and which are capped by the tails of
glycolipids within the chlorosome envelope.
Given the structural and functional differences between the
chlorosomes of GSB and FAP, and the recent discovery of Ca. Cab.
thermophilum [24], we undertook a three-way ultrastructural com-
parison of chlorosomes from Cba. tepidum, Cfx. aurantiacus and
Ca. C. thermophilum using transmission EM (TEM) and atomic force
microscopy (AFM), and we compared the emission properties of sin-
gle chlorosomes from each bacterium using ﬂuorescence microscopy.
The ability of AFM to image nanoscale structures under liquid and
nearly native conditions has enabled the ﬁrst imaging of chlorosomes
anchored to the cytoplasmic membrane.
2. Materials and methods
2.1. Cell growth and puriﬁcation of chlorosomes
Chlorosomeswere isolated from cells of Ca. C. thermophilum as de-
scribed by Garcia Costas et al. [12]. To isolate cell membranes withattached chlorosomes, cells were broken as described by Garcia Costas
et al. [12] but in the absence of 2.0 M sodium thiocyanate. After a
low-speed centrifugation to remove unbroken cells and large cell
debris, membranes with bound chlorosomes were pelleted by centri-
fugation and resuspended in 10 mM K-phosphate buffer, pH 7.5,
containing 150 mM NaCl.
Chlorosomes from Cba. tepidum and Cfx. aurantiacus were isolated
using a modiﬁed method of Feick et al. [31]. Whole cells were
disrupted using a Branson Soniﬁer and the suspension was centri-
fuged at 16,000 ×g for 20 min. The supernatant was centrifuged at
225,000 ×g for 2 h at 4 °C. The pellet containing whole mem-
branes was resuspended in 20 mM Tris–HCl pH 8 and homogenized
using an overhead stirrer with a Teﬂon mixer. Concentrated whole
membranes were diluted and mixed to a ﬁnal concentration of
OD865 nm = 2–4 cm−1 for Cfx. and OD745 nm = 50 cm−1 for Cba.
tepidum in 2 M NaI and 20 mM Tris, pH 8. The mixture was brieﬂy
sonicated, then ultracentrifuged for 16 h at 135,000 ×g, at 4 °C. This
yielded a ﬂoating pellet enriched in chlorosomes whilst the superna-
tant contained mostly membranes. The ﬂoating pellets were pooled
and resuspended in 20 mM Tris–HCl (pH 8). These partially puriﬁed
chlorosomes were layered onto a two-step (20/40%, wt./vol.) sucrose
gradient in 20 mM Tris–HCl, pH 8 and centrifuged at 135,000 ×g for
16 h at 4 °C. Puriﬁed chlorosomes banded at the interface of the gra-
dient layers and pure chlorosomes were collected from the top of the
band whilst membranes still contaminated the lower part of the
band. To reduce the possibility of membrane contamination further,
the top band was subjected to a second sucrose gradient after diluting
with one volume of 20 mM Tris (pH 8). The ﬁnal chlorosome stock
was in ~20% (wt./vol.) sucrose, 20 mM Tris pH 8.0 and frozen at
−80 °C until use.
2.2. Transmission electron microscopy (TEM)
Chlorosomes were applied to glow-discharged carbon-coated cop-
per grids and stained with 0.75% (w/v) uranyl formate. Images were
recorded at 100 kV on a Philips CM100 microscope equipped with a
Gatan Ultrascan 667 CCD camera at magniﬁcations between ×8900
and ×28,500. Images were analysed using Digital Micrograph soft-
ware (Gatan, Inc.).
2.3. Atomic force microscopy (AFM)
Chlorosomes were diluted to an absorbance of approximately
0.1 at the BChl c Qy peak in 10 mM HEPES, 150 mM potassium chlo-
ride, and 25 mM magnesium chloride (pH 7.5), adsorbed for 1 h
onto freshly cleavedmica (Agar Scientiﬁc). Theywere then exchanged
into an imaging buffer of 10 mM HEPES and 100 mM potassium
chloride (pH 7.5). Tapping Mode AFM (TM-AFM) was carried out
using a Multimode microscope with a NanoScope IV; PeakForce Tap-
ping mode AFM (PFT-AFM) (proprietary imaging mode, Bruker Nano
Surfaces Business, formerly Veeco Instruments Ltd) was carried out
using a Multimode VIII system, both equipped with an ‘E’ scanner
(15 × 15 μm) (Bruker). Sharpened SiN probes (k = 0.15 N m−1)
(TR800PSA, Olympus) were used for standard TM-AFM, operating
at frequencies between 7 and 9 kHz. For PFT-AFM, BioLever mini
‘AC40TS’ probes (ultra-small rectangular cantilever, k = 0.10 N m−1)
as they combine a soft cantilever with a higher resonant frequency,
more amenable to the 2 kHz approach/withdraw ramp cycle. Parame-
ters were optimised whilst imaging, to minimise forces exerted on the
sample. Images were recorded (512 × 512 pixels) at scan frequencies
of 0.5–1.5 Hz. Topographs were ‘ﬂattened’ and images generated
using NanoScope Analysis software (v1.20). Height proﬁle analysis
was performed using Gwyddion software (open source, v2.20) by care-
ful measurement of height proﬁles across individual chlorosomes.
To estimate the dimensions of chlorosomes using AFM, height pro-
ﬁles were measured across the long axis and short axis of individual
Fig. 1. Absorbance spectra of chlorosomes. Room temperature absorbance spectra of
the chlorosome samples, as labelled in the ﬁgure. Wavelength of BChl c maxima
shown.
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chlorosome above the mica surface was measured. Length and width
were measured from the proﬁles across the long axis and short axis,
respectively, as full width at half maximum (FWHM). This is thought
to take account of known AFM tip convolution effects and to allow a
fair and reproducible comparison of samples [32]. Volume (V) was
calculated from the dimensions measured by modelling chlorosomes
as ellipsoids, using the formula: “V = 4/3 π abc” (where a, b, c =
ellipsoidal radii, i.e. length/2, width/2 and height/2).
2.4. Fluorescence microscopy
Samples were adsorbed onto specially cleaned and chemically
treated glass Petri dishes, prepared as follows. Each glass bottom
dish (from WillCo wells BV, GWSt-5040) was cleaned by incubation
for 2 h in a 1:20 mixture of 100% ethanol and 15 M sodium hydrox-
ide. The clean dishes were then extensively washed with water and
dried with N2 gas; 0.01% (w/v) poly-L-lysine was then added into
each dish for at least 2 h. Immediately prior to usage, the dishes
were again washed extensively with water, dried with N2 gas, and
the sample was added. Chlorosomes were diluted to an absorbance
of approximately 0.02 at the BChl c Qy peak using ﬂuorescence buffer
(20 mM HEPES, 25 mM sodium dithionite, pH 7.5) and adsorbed
onto the dishes for 30–60 min, washed in the same buffer and then
imaged.
The custom-built microscope set-up consisted of an Axio Observer
A1 inverted optical microscope (Carl Zeiss Ltd.), combined with a
BioScope Catalyst AFM with a NanoScope 8 Controller (Bruker Nano
Surfaces Business, formerly Veeco Instruments Ltd). For ﬂuorescence
imaging a solid state laser (473 nm), which was then expanded so
that it completely ﬁlled the aperture of the oil immersion lens (63×,
NA 1.42), allowed us to get a tightly focused laser spot with a diame-
ter of approximately 400 nm. The sample was then raster-scanned
using the AFM x–y scan stage across this laser spot. The ﬂuorescence
signal was acquired through a 550 nm longpass ﬁlter using an ava-
lanche photodiode detector (Perkin-Elmer) synchronised with the
raster-scan of the sample so that the total number of photons was
counted for each image pixel. The photodetector signal was digitised
and then fed into the AFM NanoScope software to generate a ﬂuores-
cence image. Alternatively, the ﬂuorescence signal could be sent to a
monochromator and an EM CCD camera (Princeton Instruments) in
order to acquire spectra at a deﬁned position. In this case the data
was acquired using LightField software (Princeton Instruments). To
achieve sufﬁcient signal-to-noise for single particle analysis, at least
20 spectra (each with 1000 ms exposure) were usually acquired for
each chlorosome. These spectra were averaged and analysed using
Origin graphical software (v7.5, OriginLab Corporation).
3. Results
3.1. Comparative overview of three different types of chlorosomes
Chlorosomes were puriﬁed from photosynthetically grown cultures
by sucrose gradient centrifugation of cell extracts, as described in
Section 2.1, from Cfx. aurantiacus, Cba. tepidum and Ca. C. thermophilum.
The absence of signiﬁcant 675 nmabsorption peaks arising frommono-
meric BChl indicated that these chlorosome preparations were intact
(Fig. 1). The absorption spectra of chlorosomes from Cfx. aurantiacus
and Ca. C. thermophilum were very similar, with major absorption
peaks for the BChl c aggregates in vivo occurring at 462 nm (Soret
band) and 742 or 743 nm (Qy transition). The chlorosomes from
Cba. tepidum had slightly red-shifted absorption maxima at 457 nm
and 747 nm, and Qy transition peak for the BChl c aggregates was
broader. A minor absorption peak at 800 nm was observable in
chlorosomes of Cfx. aurantiacus and Ca. C. thermophilum, which arises
from the BChl a associated with CsmA in the chlorosome baseplate.This absorbance band is masked by the broader Qy peak in Cba. tepidum.
These absorption spectra are consistent with previous reports; the
minor differences among these samples and previous reports for similar
chlorosome preparations arise fromminor differences in the BChl c ho-
molog composition of speciﬁc samples,which in turn produce slight dif-
ferences in the site energies of the BChl cmolecules in the chlorosomes
isolated from different organisms and cultures [1,24].
The chlorosomes were initially compared by transmission electron
microscopy (TEM) of negatively stained samples to give an overview of
chlorosome sizes and to check their purity (Fig. 2). This technique has
good lateral resolution but images are two-dimensional and provide no
height information. All chlorosomes appeared as roughly ‘oblong’ struc-
tures with approximate dimensions (100–200) × (30–60) nm, and
seemed to be relatively homogeneous with no other unexpected struc-
tures. The chlorosomes of Cba. tepidum appeared larger than those of
Ca. C. thermophilum and Cfx. aurantiacus, which were similar in size.
The contrast on the surface of the chlorosomes of Ca. C. thermophilum
was suggestive of a somewhat undulating surface, as previously reported
[3,12].
The chlorosomes were then compared using PeakForce Tapping
mode AFM (PFT-AFM) under liquid at room temperature (Fig. 3). This
three-dimensionalmapping showed that the chlorosomes are ellipsoids
of variable size. 3-D rendering of the AFMdata showed that the surfaces
of the chlorosomes were not smooth, but had bumps and undulations
that differed among individual chlorosomes (Fig. 3B). Thus, no two
chlorosomes are the same with respect to size, shape or surface con-
tours. It was found that PFT-AFMwasmore effective than standard Tap-
ping Mode (TM) AFM for these samples. In PFT-AFM force curves are
generated at each pixel and the maximum force applied to the sample,
the ‘peak force’, is closely controlled. Real-time analysis of the force
curve data yields measurements for the height, amplitude-error and,
using the Quantitative Nanomechanical Mapping (QNM) module, vari-
ous mechanical properties. Whereas TM-AFM would often displace
chlorosomes,moving/pushing themacross themica substrate andmak-
ing imaging inaccurate (data not shown), PFT-AFM allowed accurate
tracking of all chlorosomes with very good correspondence of the
trace and retrace signals. Although it was not a focus of this study, by
imparting sequentially increasing forces during imaging, chlorosomes
could be deformed in a controlled manner, with sequential decrease
in the imaged height and a related increase in the deformation signal
until their destruction begins at peak forces of 1200 pN (for example
Fig. S1, Cba. tepidum sample, bottom right panel). In comparison, signif-
icant deformation of membrane vesicles from the purple phototrophic
bacterium Rhodobacter sphaeroides was observed at forces above
600 pN. By using a peak force of ~100 pN for chlorosomes, accurate
height measurements could be made on chlorosomes in their native
form in buffered solution (Fig. 3).
The dimensions of the three types of chlorosomes measured by
PFT-AFM were analysed (Table 1). Additionally, these results were
Fig. 2. Overview of chlorosomes by TEM. Transmission electron microscopy of negatively-stained chlorosomes, from the species as labelled. Low magniﬁcation (upper row) and
higher magniﬁcation (lower row).
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been dried onto mica and imaged in air, to align our measurements
made under ﬂuid with previous studies in which AFM was performed
in air. Full width at half maximum (FWHM) measurements were
made for length and width, which is thought to take account of
known AFM tip convolution imaging artefacts and allow a fair com-
parison [32]. The chlorosome volume was then calculated from the
dimensions measured, modelling a chlorosome as an ellipsoid, as
in previous studies [33,34]. Chlorosomes from Cba. tepidum were the
largest (133 × 57 × 36 nm; 141,000 nm3 volume), and had signiﬁ-
cantly greater width and height and slightly greater length than
chlorosomes from Cfx. aurantiacus (120 × 44 × 30 nm, 84,000 nm3
volume). Chlorosomes from Ca. C. thermophilum were found to beFig. 3. Overview of chlorosomes by PeakForce Tapping AFM. Atomic force microscopy (Pe
z-scale (bar, bottom-left). Top row: Low magniﬁcation topographs Bottom row: Higher mashorter and slightly narrower (99 × 40 × 31 nm; 65,000 nm3 vol-
ume) than those of Cfx. aurantiacus. Dried chlorosomes from Cba.
tepidum, imaged in air, had signiﬁcantly lower height and smaller
volume compared to their hydrated counterparts, conﬁrming that
chlorosomes shrink after dehydration, and underlining the im-
portance of imaging biological samples under hydrated conditions
(in buffers). AFM has sub-nanometre vertical resolution and a lateral
resolution of a few nanometres, related to the sharpness of the probe's
silicon tip, which makes the accuracy of our lateral measurements
comparable to TEM, but with the advantage of a highly accurate
third dimension of height. For each organism tested here, there was
a signiﬁcant range in the size of chlorosomes within each population
reﬂected in the relatively high S.D. values reported in Table 1. WithakForce Tapping mode) of chlorosomes on mica, in ﬂuid. All topographs are to equal
gniﬁcation topographs, data displayed in 3-D.
Table 1
Analysis of chlorosome dimensions for different species. Analysis of AFM topographs of the three chlorosome samples (Figure 3 and further topographs, not shown). Length and
width were measured from height proﬁles across the long axis and short axis (respectively) of individual chlorosomes, as full width at half maximum (FWHM) measurements
from the sections, to allow reproducible comparisons taking into account imaging artefacts due to tip geometry. Height was the maximal height from the mica substrate. Volume
was calculated from the dimensions measured, modelling chlorosomes as ellipsoids, using the formula:V ¼ 43πabc (where a, b, c = ellipsoidal radii, which here is length/2, width/2
and height/2).
Chlorosome species Measured (nm) (±S.D.) Volume (±S.D.)
(n = number measured) Length Width Height (×103 nm3)
aCfx. aurantiacus (n = 7) 120 (±20) 44 (±8) 30 (±4) 84 (±27)
aCba. tepidum (n = 20) 133 (±28) 57 (±11) 36 (±9) 141 (±44)
aCa. C. thermophilum (n = 15) 99 (±15) 40 (±5) 31 (±3) 65 (±13)
bCba. tepidum (n = 17) 123 (±34) 51 (±11) 23 (±4) 83 (±47)
a Under buffer.
b In air.
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values do not reﬂect inaccurate measurements but a genuine size
distribution within each chlorosome population.
3.2. AFM imaging of Ca. C. thermophilum chlorosomes attached to
cytoplasmic membranes
The majority of chlorosomes in standard preparations (using sodi-
um thiocyanate) were observed as isolated structures devoid of any
attachedmembranes. Less frequently, chlorosomes appeared to be sit-
ting on top of a sheet-like feature. Fig. 4A–B shows one such example
in which two Ca. C. thermophilum chlorosomes are observed at
the edges of sheet-like features approximately 700 × 300 nm and
5.0–6.8 nm in height. Both 2-D and 3-D representations are shown;
for clarity the z-scale was offset to show greatest contrast either at
the membrane height range or the chlorosome height range. This
sheet is likely to be a segment of the cytoplasmic membrane that is
still connected to the chlorosomes. Multiple height levels were
observed and height proﬁles (Fig. 4C) showed that the majority of
the patch had a height of ~5.5 nm (level 2) with some regions slightly
lower (~5.0 nm, level 1) and some higher (~6.5 nm, level 3). Lipid
bilayer membranes can range from 3 to 5 nm in height depending
on their lipid composition and phase behaviour [35]; values greater
than this are likely to represent protein-containing regions of theFig. 4. AFM showing membrane attachment of chlorosomes from Ca. C. thermophilum. AFM
dard chlorosome preparation for Ca. C. thermophilum (A–C). The majority of chlorosomes
which sodium thiocyanate was omitted (D). A. Topograph showing two chlorosomes that s
gions labelled: 1, 2, 3; mica: 0). The Z-scale is offset to have high contrast between 0–15 nm
across white dashed-line in (A). Different height levels are denoted as in (A). D. Topograph
preparation from Ca. C. thermophilum for which sodium thiocyanate was omitted.membrane. Therefore height levels 1–3 may represent different
phases of lipids and protein-containing domains, but the resolution
in this image was not sufﬁcient to provide any further detail.
Sodium thiocyanate has been reported to aid detachment of
chlorosomes from the cytoplasmic membranes allowing better puriﬁ-
cation of chlorosomes. Indeed, in chlorosome preparations for which
sodium thiocyanate was omitted, TEM images showed many irregu-
lar fragments and vesicle-like structures, expected to represent the
cytoplasmic membrane, but fewer chlorosomes (Fig. 5A). Higher
magniﬁcation TEM images (Fig. 5B) of these membranes showed in-
homogeneous pooling of stain, which could suggest variations of pro-
tein content over the surface of the membrane, but the dehydrated
nature of the TEM samples and lack of 3-D information in this tech-
nique meant that we were unable to reveal any further detail.
In other membranes for which higher resolution was achieved
with AFM, distinct globular protrusions were observed within the
membranes (Fig. 6A–B), with a variable separation between features.
Fig. 6D shows that these structures were up to 30 nm in width and at
a constant height of ~6 nm above the mica surface, conﬁrmed by the
multiple height proﬁles. Further examples of Ca. C. thermophilum
membranes had a higher density and greater degree of ordering of
these globular protrusions (Fig. S2). Features were accurately tracked
within each image and the trace and retrace scans were congruent,
giving conﬁdence in the data. However, between images the shapedata showing the rare ﬁnding of chlorosomes on top of a membrane sheet from a stan-
were associated with membranes in a special chlorosome/membrane preparation for
eem to be positioned on top of a membrane with regions at different height levels (re-
, the z-scale bar shown. B. 3-D representation of the AFM data in (A). C. Height proﬁle
showing a typical ﬁeld of chlorosomes and associated membranes from a membrane
Fig. 5. TEM of a sodium thiocyanate-free preparation of Ca. C. thermophilum chlorosomes and membranes. A. Representative TEM image showing potential cytoplasmic membrane
fragments and vesicles of irregular shape. Chlorosomes of similar dimensions to those in Fig. 2 are also observed (red arrowheads). B. Higher magniﬁcation TEM of membrane frag-
ment showing inhomogeneous pooling of stain.
Fig. 6. AFM showing globular protrusions within the Ca. C. thermophilum membrane. A. Topograph showing a patch of membrane containing globular protrusions and nearby
chlorosomes. The Z-scale is offset to have high contrast between 0–15 nm, the z-scale bar shown. B. 3-D representation of the AFM data in (A). C. A sequence of three consecutive
AFM scans showing a patch of membrane with globular protrusions. The membrane patch changes shape between images, suggesting that it has signiﬁcant ﬂuidity and allowing
dynamic changes. D. Height proﬁles across selected features of interest in the image, at positions indicated by dashed white lines labelled 1–7 in (A).
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changed. A series of sequential images of another small membrane
fragment changing in shape is shown in Fig. 6C. The instability of
these membranes suggested that they are ﬂuid at room temperature
on the mica surface.
3.3. Spectral imaging of the ﬂuorescence emission properties of
individual chlorosomes
Chlorosomes were adsorbed to poly-L-lysine-coated glass Petri
dishes and imaged using a custom-built microscope (Section 2.4)
under buffer containing sodium dithionite to maintain a reducing
environment. A 473 nm laser was used to excite the Soret band of
chlorosome BChl c aggregates and ﬂuorescence emission was moni-
tored in the near infrared, whilst using a piezo stage to scan the
sample in the x–y directions. Fig. 7 (upper panels) shows representa-
tive ﬂuorescence images of the three types of chlorosomes, which
appearmainly as diffraction-limited spots of 300–400 nm. The resolu-
tion was approximately 350 nm, estimated from the closest two spots
that could still be deﬁned as separate entities. The similar ﬂuorescence
amplitudes indicate that the majority of these spots are likely to arise
from single chlorosomes, consistent with the AFM images that
showed mostly well-separated chlorosomes at this dilution. Larger,
brighter spots indicated that some chlorosomes were closely spaced
on the glass surface, as may be expected from a random distribution
of particles.
Emission spectra were recorded at positions of interest within the
ﬂuorescence image, with the same spatial resolution. Comparison
of spectra of individual and small clusters of chlorosomes allowed us
to observe differences between individual chlorosomes within a
population. Representative spectra from numbered chlorosomes are
shown in Fig. 7 (lower panels). Chlorosomes from Cfx. aurantiacusFig. 7. Heterogeneity in ﬂuorescence emission of individual chlorosomes. The top row show
C. thermophilum that were collected using a custom-built microscope (see Materials and m
emission spectra collected for these chlorosomes using an EM CCD camera.had emission maxima which ranged from 747 nm (spectrum 11) to
751 nm (spectrum 5), with a full-width at half-maximum (FWHM)
of ~30 nm. Chlorosomes from Cba. tepidum had emission maxima
that ranged from 765 nm (spectrum 8) to 771 nm (spectrum 2), with
a FWHMof ~39 nm. Chlorosomes from Ca. C. thermophilumhad emis-
sionmaxima that ranged from749 nm (spectrum 13) to 753 nm (spec-
trum 7), with a FWHM of ~28 nm.
4. Discussion
4.1. Chlorosomes from three different phyla of phototrophic bacteria
have signiﬁcantly different dimensions
Widely varying values for the dimensions of chlorosomes have
been reported in previous studies, possibly because of the differences
and difﬁculties in sample preparation and analysis regimes. Table 2
compiles the results from some of these measurements for compari-
son with the data obtained in the study presented here.
The present study undertook a systematic comparison of the di-
mensions of chlorosome using AFM analysis supported by concomi-
tant TEM examination of the samples. Well-studied chlorosomes
from Cfx. aurantiacus and Cba. tepidum were compared with those
from the newly discovered acidobacterium, Ca. C. thermophilum.
Early AFM studies of chlorosomes either employed carbon coating to
provide stability [36,34] or drying onto a surface [37,38,33] to enable
the chlorosomes to withstand the high lateral forces of contact mode
and tapping-mode AFM imaging. AFM technologies have developed
greatly over the last decade and are nowmore accurate and amenable
to imaging soft biological samples under liquid. We employed the
relatively new imaging mode of PeakForce Tapping AFM in which
the force applied during imaging is minimised by triggering tip retrac-
tion at a deﬁned ‘peak force’. Whereas standard TM-AFM seemed tos ﬂuorescence images of single chlorosomes from Cfx. aurantiacus, Cba. tepidum and Ca.
ethods) with 473 nm excitation. The bottom row shows a selection of representative
Table 2
Comparison of reported dimensions for different chlorosomes.
Species Sample Treatment Technique Dimensions (nm) Ratio Volume Reference
L W H L/W (×103 nm3)
Cfx. aurantiacus⁎ Cells Thin-sectioned TEM ~100 50–70 ~20 1.7 63a [6]
Cfx. aurantiacus CHL Carbon-coated, dried TM-AFM 99 31 5 3.2 8 [34]
Cfx. aurantiacus Cells Freeze-fractured SEM 106 32 10–20 3.3 27a [18]
Cfx. aurantiacus (5 h)⁎⁎ Cells Freeze-fractured SEM 107 39 12 2.7 36 [17]
Cfx. aurantiacus (45 h)⁎⁎ Cells Freeze-fractured SEM 135 46 21 2.9 92 [17]
Cfx. aurantiacus CHL Dried TM-AFM 166 97 24 1.7 152 [37]
Cfx. aurantiacus CHL Glutaraldehyde, dried CM-AFM 123 44 11 2.8 64a [38]
Cfx. aurantiacus CHL Cryo-frozen Cryo EM 140–220 30–60 10–20 4.0 64a [26]
Cfx. aurantiacus CHL In buffered liquid PFT-AFM 120 44 30 2.7 84 This study
Cba. tepidum cells Thin-sectioned TEM 100–180 40–60 40–60 2.8 183a [39]
Cba. tepidum CHL Dried TM-AFM 194 104 26 1.9 165 [37]
Cba. tepidum CHL Dried TM-AFM 174 91 11 1.9 91 [33]
Cba. tepidum CHL Cryo-frozen Cryo EM 140–180 ~50 – 1.7 – [29]
Cba. tepidum CHL (Unknown) AFM# 212 122 35 1.7 474a [50]
Cba. tepidum CHL In buffered liquid PFT-AFM 133 57 36 2.3 141 This study
Ca. C. thermophilum CHL Dried, stained TEM 100 31 31 3.2 50a [12]
Ca. C. thermophilum CHL In buffered liquid PFT-AFM 99 40 31 2.5 65 This study
Comparison of the dimensions reported for chlorosomes in different species using different techniques. Dimensions, L, W, H (length, width and height) all rounded to the nearest
integer for comparability. Volume (in 1000s nm3), as reported in the studies (without superscript) or where no value is quoted (superscript ‘a’) calculated from the L, W and
H values, using the formula V = 4/3 π abc (where a, b, c = ellipsoidal radii, L/2, W/2 and H/2), all rounded to the nearest 1000 for comparability.
‘CHL’, in the ‘sample’ column, means ‘puriﬁed chlorosomes’, as opposed to fractured or sectioned cells. ‘SEM’, scanning EM; ‘TEM’, transmission EM. ‘TM-AFM’, tapping mode AFM;
‘CM-AFM’, contact mode AFM; ‘PFT-AFM’, PeakForce Tapping AFM.
⁎Values for the ‘wide’ OH-64-ﬂ and OK-70-ﬂ strains reported in this study.
⁎⁎Values for cells at different periods after transfer from chemotrophic (t = 0 h) to phototrophic conditions.
#No details given about the mode of AFM used or imaging conditions in this study.
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did not cause any noticeable movement of the features being imaged,
resulting in accurate tracking of chlorosomes under liquids.
Previous studies had suggested that AFM of dried chlorosomes un-
derestimates their native heights [33] and our PFT-AFM imaging con-
ﬁrms this: the height of dried chlorosomes from Cba. tepidum imaged
in air is signiﬁcantly lower (23 ± 4 nm) than hydrated chlorosomes
(36 ± 9 nm) imaged in liquid (Table 1). This emphasizes the impor-
tance of imaging chlorosomes in their native, hydrated form without
staining, freezing or drying. PFT-AFMmeasured the native dimensions
of the chlorosomes in 3-D, ﬁnding that those from Cba. tepidum were
largest (especially in width), Cfx. aurantiacus chlorosomes were inter-
mediate in size and that chlorosomes from Ca. C. thermophilum were
smallest (Fig. 3, Table 1). This trend is consistent with the results from
the 2-D data for negatively stained chlorosomes examined by TEM
(Fig. 2) and is also consistent with previous studies that found that
chlorosomes from Cba. tepidum are generally larger than chlorosomes
from Cfx. aurantiacus [39]. The absolute values we measured for
chlorosome length and width are in broad agreement with previous
TEMand AFMmeasurements (Table 2). Chlorosome heightsmeasured
here were generally slightly greater than those found in the majority
of previously published studies. This arises from imaging under liquid
at room temperature andmight also arise from the sub-nanometre ac-
curacy of AFM.
With regard to possible effects of adsorption to the substrate on
chlorosomes, light-harvesting membrane protein complexes have
been imaged with AFM to high resolution for many years and the
mica surface does not seem to cause any signiﬁcant disruption to
native structures [40,41]. Likewise we do not expect surface adsorp-
tion, which is likely to involve nonspeciﬁc ionic interactions be-
tween the negatively charged mica, cations in the buffer solution
and the charged groups on the exterior of chlorosomes, to cause any
major rearrangements of chlorosome structure. Fig. S1 shows that
Cba. tepidum and Cfx. aurantiacus chlorosomes are relatively robust
and resistmechanical deformation by forces up to 1000 pN, so adverse
effects of surface adsorption appear to be unlikely. We expect that
chlorosomes usually adsorb baseplate side-down onto mica as
chlorosomes are potentially ﬂatter on this side and also because wewould have expected to visualise the periodicity of the baseplate
CsmA array if it was exposed ‘face-up’ to the AFM tip.
We found that whilst chlorosomes from each species had a charac-
teristic mean there was a signiﬁcant size distribution, reﬂected in the
standard deviations of approximately 20%. Similarly wide ranges in
chlorosome dimensions have been previously observed with AFM
and EM of puriﬁed chlorosomes and chlorosomes within cell sections
(see references in Table 2). Given the accuracy of AFM, the range we
observe in chlorosome dimensions represents genuine differences in
the size of chlorosomes within a population of cells. We expect that
whilst cells growing under speciﬁc growth conditions may have an
optimal chlorosome size, not all chlorosomes will reach these propor-
tions. Size has been shown to increase during chlorosome develop-
ment [17] and because cells within one culture do not grow and
divide in synchrony our measurements represent chlorosomes at dif-
ferent degrees of maturity.
The reasons behind differences in the dimensions of chlorosomes
from different phyla of phototrophic bacteria are unclear and
probably reﬂect physiological differences relating to the adaptation
of each organism to speciﬁc ecological niches. For example, Cfx.
aurantiacus and Ca. C. thermophilum occur in themicrobial mats asso-
ciated with hot springs in Yellowstone National Park, where light in-
tensities can reach quite high values [24,42]. This controlled size
analysis of Ca. C. thermophilum chlorosomes by AFM allows the ﬁrst
detailed comparison with chlorosomes from other bacteria. Differ-
ences in chlorosome size could also simply reﬂect differences in cul-
ture growth conditions [18]. It is known that proteins of the
chlorosome envelope inﬂuence the size and shape of chlorosomes
[42,43], and the protein compositions of the chlorosome envelopes
of these three organisms are quite different [44]. Similarly, differences
in the distribution of BChl c homologs in chlorosomes also can modify
the size and shape of chlorosomes [45].
The application of the QNM mode of AFM provided a deeper level
of analysis of chlorosome structure, and examination of the mechan-
ical properties of Cba. tepidum and Cfx. aurantiacus chlorosomes
shows that relatively high peak forces of 1000–2000 pN are required
to disrupt the integrity of these structures (Fig. S1). In comparison,
well-characterised membrane vesicles from the purple phototrophic
1243P.G. Adams et al. / Biochimica et Biophysica Acta 1827 (2013) 1235–1244bacterium Rba. sphaeroides [46] could be compressed at 600 pN and
were completely disrupted at higher forces. This can be compared
with the 100–200 pN forces required to extract the transmembrane
helices of bacteriorhodopsin from the purple membrane [47]. The
fact that the chlorosomes seem to be less compressible and more dif-
ﬁcult to disrupt suggests that the tight packing of pigments inside the
chlorosome lends a degree of mechanical stability to these structures.
The thousands of pigment–pigment stacking interactions confer sta-
bility to these supramolecular assemblies, collectively underpinning
the structure and function of the chlorosome.
4.2. Observation of chlorosomes attached to their native cytoplasmic
membrane
Chlorosomes still attached to cytoplasmic membranes were
observed by AFM (see Figs. 4, 6 and S2). Membrane-associated
chlorosomes were uncommon in a standard preparation of puriﬁed
chlorosomes, but almost all chlorosomes were associated with mem-
branes in preparations in which sodium thiocyanate was omitted.
The attached membranes were observed to have different domains
with distinct heights, which presumably represent different protein
domains, although resolution was limited. In Ca. C. thermophilum
preparations, distinct globular protrusions, up to 30 nm wide and
6 nm in height, were observed. The fact that the membrane patches
changed shape, and that the protein features seem to be dynamic,
suggest either that the membranes are rich in ﬂuid phase lipids
allowing greater mobility than protein-packed domains, or that
these features are weakly attached to their membranes and easily
disrupted by the AFM probe. These membrane features are intriguing
and their presence in preparations with chlorosomes could suggest
that they relate to the chlorosomes in some way, but it is challenging
to identify these features with either TEM or AFM alone, limited by
resolution and the lack of chemical identiﬁcation.
The imaging of chlorosomes attached to membranes, directly ob-
served under native conditions, is consistent with these membrane-
extrinsic light-harvesting structures funnelling absorbed solar energy
to membrane-bound reaction centres where photochemistry is
performed. These images show that there is considerable potential
for using AFM for interrogation of chlorosomes still associated with
their native cytoplasmic membranes, a state that is as close to in
vivo conditions as possible. Furthermore the novel protrusions in
the cytoplasmic membrane are seen for the ﬁrst time and their distri-
bution, size and height have been recorded. The size of these mem-
brane features corresponds to the chlorosome width (~30 nm);
perhaps they represent clusters of the membrane-associated
Ca. C. thermophilum FMO protein [10,11]. The ﬂuid nature of these
membranes, revealed in Fig. 6C, would suggest that membrane-
attached chlorosomes have some lateral mobility but data would be
needed to test this idea. Future studies of more highly puriﬁed
cytoplasmic membranes or reconstituted proteins/lipids of known
composition could reveal the deﬁnitive nature of these protrusions.
4.3. Chlorosomes show some heterogeneity in their ﬂuorescence emission
characteristics
Several previous studies have used ﬂuorescence microscopy and
spectroscopy to investigate single chlorosomes from Cba. tepidum
and Cfx. aurantiacus [36,48,49]. The authors reported signiﬁcant
heterogeneity in the position of ﬂuorescence emission peaks for
chlorosomes from both species [49]. In the current study, we have
compared chlorosomes from the recently discovered acidobacte-
rium Ca. C. thermophilum with chlorosomes from Cba. tepidum and
Cfx. aurantiacus (Fig. 7).We found thatwithin each type of chlorosome
there was a small but signiﬁcant degree of heterogeneity in the ﬂuo-
rescence emission maxima, with chlorosomes of Cba. tepidum having
the greatest range, as well as largest full-width half maximal value.Our data for Cba. tepidum and Cfx. aurantiacus chlorosomes are in
agreement with the previous studies [49] and the ﬁrst such measure-
ments on Ca. C. thermophilum chlorosomes allow us to compare the
physical and spectral characteristics of chlorosomes from three differ-
ent phyla. In previous studies [36,48,49] the authors attributed the
spectral heterogeneity of Cba. tepidum and Cfx. aurantiacus
chlorosomes to the variable distribution between individual
chlorosomes of BChl c homologs, which have subtle differences in
their absorbance and ﬂuorescence spectra. Ca. C. thermophilum has
been reported to contain multiple BChl c homologs with different al-
kylation and alcohol esteriﬁcations to the chlorin ring [24], so it is like-
ly that the same explanation of spectral heterogeneity applies. It seems
that a heterogeneous distribution of BChl c homologs is a general feature
of chlorosomes. Another cause of the spectral heterogeneity within each
type of chlorosome could be the varying sizes and shapes apparent in
the 3-D rendered AFM images (Fig. 3). These variations could reﬂect dif-
ferences in the internal suprastructural arrangements of the stacked
BChls within each chlorosome, also observed in cryo-EM analyses of in-
dividual chlorosomes [28].
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbabio.2013.07.004.Acknowledgements
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